Common and clinically important features of urothelial carcinomas are multifocality and a high rate of recurrence.
O ne of the clinically most important features of urothelial cancer is the frequent multifocality and a very high rate of recurrence (Dalbagni et al, 2001 ). An understanding of the underlying mechanisms of the multifocality of urothelial carcinomas is required to design appropriate strategies for early detection and treatment. Histopathologically, two different types of urothelial carcinoma can be found: (1) mostly superficial, papillary tumors (80%) with high rates of recurrence but only a low tendency for progression to invasive disease, and (2) highly malignant, invasive solid tumors (20%) with a poor prognosis for the patient. Cancer of the urothelium appears to evolve through two genetic pathways (reviewed in CordonCardo et al, 2000) . Deletions of several regions of both arms of chromosome 9 are a very early and frequent event in the development of papillary tumors (Simoneau et al, 1999) . Such deletions can already be detected in early preneoplastic lesions like flat and papillary urothelial hyperplasias and in normal urothelium of cancer patients (Chow et al, 2000; Czerniak et al, 1999; Hartmann et al, 1999) . In contrast, solid invasive tumors frequently show deletions of chromosome 17p and mutations of the p53 gene, changes that can already be found in dysplasia or carcinoma in situ (CIS) (Hartmann et al, 2002; Spruck et al, 1994; Stoehr et al, 2000) .
Multifocality and recurrence raise the question of the clonal nature of spatially distinct urothelial tumors, and two models have been proposed: (1) The monoclonality hypothesis defines tumors as descendants of a single transformed cell, which proliferates and spreads throughout the urothelial lining by either intraluminal seeding or intraepithelial migration. Tumor cells might detach from the primary lesion and seed in the urine with secondary implantation at different sites. Alternatively, malignant cells are thought to migrate continuously throughout the epithelium (Harris and Neal, 1992) . (2) The field cancerization model postulating multiple independent mutation events was originally applied to multifocal oral squamous cell carcinoma (Slaughter et al, 1953) . In urothelial carcinoma, carcinogens may exclusively affect the urothe-lium at multiple sites, leading to independent multifocal tumors.
Both hypotheses have been supported by molecular studies. Multifocal advanced tumors show monoclonal disease in most cases (Habuchi et al, 1993; Sidransky et al, 1992) , but investigation of early papillary tumors and preneoplastic lesions also revealed tumor clones with different genetic alterations in some cases (Hafner et al, 2001; Hartmann et al, 1999 Hartmann et al, , 2002 Paiss et al, 2002; Spruck et al, 1994; Stoehr et al, 2000) . Simon et al (2001) proposed a model of intraepithelial migration of a mutant tumor clone, based on comparative genome hybridization (CGH) studies of invasive bladder cancer. Other authors found genetically altered cell clones in the "urothelial field" of bladder cancer patients as the origin of recurrent tumors. Muto et al (2000) examined deletions at several chromosomal regions (loss of heterozygosity, LOH) and methylation of the p16 gene in normal bladder epithelium in patients with metachronous bladder cancer. Alterations were found in more than 75% of the samples from patients with bladder cancer, but not in samples from control patients. In contrast, Baud et al (1998) investigated normal bladder mucosa samples from patients with prostate pathology and found a frequent LOH at chromosome 9p, especially LOH at the microsatellite marker D9S156. We previously reported chromosome 9 deletions in urothelial hyperplasia and normal urothelium of patients with bladder cancer (Hartmann et al, 1999) , frequent deletions at chromosomes 9 and 17, as well as p53 mutations in dysplastic urothelial lesions (Hartmann et al, 2002) . Koss (1979) first described histologic mapping of the entire urothelial lining in patients with bladder cancer. Based on this work, Chaturvedi et al (1997) , Czerniak et al (1999 Czerniak et al ( , 2000 , Kram et al (2001) , and Yoon et al (2001) performed histologic-genetic mapping of cystectomy specimens with invasive tumors by LOH analysis of chromosomes 5, 9, 16, and 17. Subsequently, a model for urothelial carcinogenesis emerged (Czerniak et al, 2000) , but questions of clonality and mechanisms of tumor spread remained unanswered.
P53-gene mutations are found in approximately 50% of urothelial carcinomas (Cordon-Cardo et al, 2000) of the urinary bladder that are already present in early dysplasia (Hartmann et al, 2002) . The presence of numerous different p53 mutations in various cancers (Hainaut and Hollstein, 2000) makes the p53 gene an ideal tool for clonality analyses, because it is unlikely that several tumors from a patient with an identical p53 mutation are of polyclonal origin. Genomic sequence analysis of p53-mutations is limited by its sensitivity. A fraction of at least 30% of mutated cells is needed to reliably detect a mutation. A much more sensitive method for the detection of known mutations is the PCR amplification of specific alleles (PASA) (Bottema and Sommer, 1993) , facilitating detection of a small number of mutated cells within a given cell population. In this study we used the combination of histologic urothelial mapping, p53 immunohistochemistry, genomic sequencing, and PASA to determine the distribution of a tumor clone within the urinary bladder in patients with invasive urothelial carcinoma.
Results

Immunohistochemistry (IHC) and Sequencing of p53
Tumor samples from all 14 cystectomies were successfully analyzed by IHC. Seven tumors without p53 staining had also a negative mutation analysis of exons 5 to 9. Seven tumors showed strong nuclear staining of the p53 protein (Fig. 3a) and genomic sequencing revealed p53-mutations in six tumors (Table 1). One of the tumors with nuclear p53 staining showed a mutation (exon 8, codon 281), but this result could not be confirmed in independent analyses. Thus, eight cystectomy specimens with wild-type p53 tumors were not used in this study.
PASA
Specific PASA analysis could be performed in five of six patients with mutations. In Patient 6, no specific PASA reaction for the mutation (exon 8, codon 280: AGA 3 ACA) could be established and was therefore not used for analysis. The sensitivity of PASA was determined by using tumor DNA from Patient 1 in different dilutions with DNA from the urothelial cell line UROtsa. Figure 1B shows that the mutated p53 allele could be detected by PASA in a 1:50 dilution of tumor DNA.
Overall, 140 tissue samples (82 normal urothelium, 14 hyperplasia, 10 dysplasia, 10 squamous metaplasia, 13 CIS, and 11 urothelial carcinoma) from the five cystectomies were analyzed. Clinical and pathologic characteristics are shown in Table 2 . The exact location of all investigated samples, the histologic classification and the results of the PASA analyses of each lesion are shown in Figures 1 and 2 . In four cystectomies (Patients 1, 2, 4, and 5) the specific p53-mutation could be detected in preneoplastic lesions (hyperplasia, dysplasia) and normal urothelium. All urothelial samples with mutation were in proximity to the tumor. In Patient 3, the p53-mutation was detected only in the tumor sample. There was no correlation between the spread of a mutant cell clone and the histopathologic features of the primary tumor.
p53 IHC
IHC staining for expression of p53 was successful in four of the five cystectomies (Patients 1, 3, 4, and 5). Not all samples investigated by PASA showed sufficient urothelium for interpretable IHC in serial sections. It was, however, possible to assess nuclear p53 expression in 103 of 119 samples.
There was good correlation between p53 IHC positivity and the PASA reaction. Overall, in 84 of the 103 samples, the results of PASA have been confirmed by IHC (Fig. 3) . Six urothelial samples showed positive IHC staining and negative PASA, whereas nuclear p53 accumulation was not seen in 13 samples with positive PASA. Most PASA-positive samples showed nuclear p53 staining in 5% to 20% of the cells. Surface urothelial cells with slight nuclear irregularity frequently showed positive staining (Fig. 3 , C to E).
Discussion
The mechanisms by which multifocal bladder tumors develop are controversial. There is experimental evidence for both monoclonal spread of one tumor cell clone and oligoclonal tumor development as a result of a field defect ( Table 1 ). The UROtsa cell line was isolated from a primary culture of normal human urothelium through immortalization with a construct containing the SV40 large T antigen. The cell line has a diploid karyotype and can be used as a cell culture model of normal human urothelium (Rossi et al, 2001) . No p53 mutations can be found in this cell line. UROtsa was used as a normal control in several studies investigating genetic alterations in urothelial lesions using fluorescence in situ hybridization analysis (FISH) including the p53 locus (Hartmann et al, 1999 (Hartmann et al, , 2002 . Ratio of mutated p53 to wild-type DNA: Lane 1, 1:0; Lane 2, 1:10; Lane 3, 1:20, Lane 4, 1:50. The arrow marks the 126-bp mutant band. C1, Partial sequence of p53 from the primary tumor of Patient 4 exhibiting a GAA to AAA mutation in codon 286 (Table 1) . C2, Specificity of PASA for the p53 mutation. Lane 1, tumor DNA; Lane 2, UROtsa DNA; Lane 3, RT112 DNA; Lane 4, Scaber DNA; Lane 5, J82 DNA; Lane 6, H 2 O. All cell lines without the described p53 mutations (Table 1) . D, PASA screening of the entire cystectomy specimen for the tumor-specific p53 mutation. Histologic diagnosis of samples is symbolized as in A. PASA bands of the corresponding DNAs (100 ng/l; upper lanes). p53 mutation and PCR product can be found in several samples of normal and preneoplastic urothelium. The lower lane shows PASA for wild-type p53. The presence of a PCR product indicates a sufficient amount and quality of the DNA for analysis. Simon et al, 2001; Takahashi et al, 2001) . Intraluminal seeding and intraepithelial migration are major mechanisms currently considered. In this study, histologic-genetic mapping of cystectomy specimens defined the spread of five tumor clones with a distinct p53 mutation throughout the urothelial lining. A p53 mutation of the invasive tumor was also detected in patches of preneoplastic lesions and normal urothelium of the same bladder. PASA analyses had high sensitivity and detected 5% mutant cells in a background of normal cells. Surprisingly, p53 mutant clones were detectable in several areas of histologically inconspicuous normal urothelium.
All cystectomies were also assessed for LOH at the p53 locus (data not shown). Three patients (Patients 3, 4, and 5) were noninformative (homozygous) for several markers on chromosome 17p13.1. The tumors of Patients 1 and 2 showed an LOH at the p53 locus. In Patient 1, only tumor 2 showed a chromosomal deletion at the p53 locus but there was no LOH in tumor 1. The LOH analysis of all tissue samples from Patient 1 showed no deletion of the p53 locus in any other nontumor tissue sample. In both patients, LOH could not be detected in nontumor lesions. This could be explained by the fact that the cells with mutant p53 and presumable loss of the second allele detected in urothelial patches by PASA were outnumbered by normal urothelial cells. An amount of at least 60% to 75% of cells containing a deletion is necessary to reliably detect LOH (Boelker, 1996) . Immunohistochemical data reveal positive staining only in a fraction of the urothelium not reaching the critical level for detection of LOH (see Fig. 3B ).
P53 is a very good "tracking tool" for such studies. There are a few examples of mutational hotspots in the p53 gene induced by specific carcinogens (for review see Harris, 1996) , but in bladder cancer no specific carcinogen-induced hotspot has been reported so far (Hainaut et al, 1998) . Thus, it is very unlikely that the identical mutation would occur as a de novo event in several urothelial regions from the same patient. The most likely explanation of our data is that cells of the primary tumor have migrated to different regions of the bladder, supported by the excellent correlation of p53 mutation detected by PASA and the patches of p53-positive cells found by IHC. In contrast, routine light microscopy does not Histologic maps, p53 PASA diagnoses (*), and p53 mutation of the patients. Graphical display of the histologic grading as in Figure 1A detect a single or a few cells with abnormal p53. These cells can be the source of recurrences. Dalbagni et al (2001) showed that several recurrent bladder tumors in one patient carried the identical p53-mutation, suggesting a clonal relationship. In another study (Hafner et al, 2001 ) of multifocal urothelial carcinomas located in both upper and lower urinary tract, up to 12 tumors revealed the identical mutation in the same patient. Genetic alterations in nonmalignant tissue samples are also reported from other multifocal and frequently recurrent tumor types. Tabor et al (2001) demonstrated areas of histologically normal mucosa with genetic alterations in a significant portion of patients with squamous cell carcinoma of the head and neck. In nonsmall cell lung cancer patients, Park et al (1999) found multiple clonal abnormalities in histologically normal bronchial epithelium.
Artificial tumor cell dissemination and contamination of the tissue samples both in situ during surgery or during preparation of the bladder specimens remains a possibility to explain our results. Such contamination may yield false-positive results when analyzed by a highly sensitive technique like PASA. However, our analyses showed regions of urothelium adjacent to or distant from the tumor without the mutation. Great care was taken to avoid contamination during specimen mapping and sectioning of the samples. Laserassisted microdissection (PALM) (Schutze and Lahr, 1998) yielded a highly pure cell population (Ͼ 90%) and minimized the risk of contamination. In one patient (Patient 3) the mutation was only found in the tumor but not in any other sample analyzed. In Patient 4 no residual tumor was seen histologically in the entire cystectomy specimen, but the p53 mutation from the tumor removed 2 months before cystectomy was detectable by PASA in many urothelial samples. Moreover, the detection of a p53 mutation in only one of the two separate tumors (Patient 1) makes contamination unlikely. Most significant is the strong correlation of PASA-positive samples with immunohistochemical results (Fig. 3) , demonstrating that false results from contamination are rather unlikely.
In two cystectomy specimens, at least two different tumor clones were found. In Patient 1, only one of the two tumors showed a p53 mutation with widespread dissemination throughout the urothelium (Fig. 2A) . In Patient 3, a papillary invasive tumor and CIS have been found, but only the papillary tumor showed a mutation (Fig. 2C) . This mutation was not detectable in either CIS or any other urothelial sample by PASA. The appearance of oligoclonal tumors in two of five urinary bladders correlates with several other studies suggesting that more than one malignant tumor clone may develop in patients with urothelial carcinoma (Hafner et al, 2001; Hartmann et al, 2000 Hartmann et al, , 2002 Paiss et al, 2002; Stoehr et al, 2000; Takahashi et al, 2001) .
In four of five cases, widely spread patches containing cells with the p53 mutations were seen. These patches were found in regions of the bladder that were adjacent to the tumor, but also in distant urothelium. In all cases, the p53 mutant patches were in close proximity to each other, indicating a continuous tumor spread within the bladder. This finding favors an intraurothelial spread of tumor cells over intraluminal seeding, which would show a random distribution of PASA-positive areas with normal patches interspersed. Simon et al (2001) performed a cytogenetic analysis of six cystectomy specimens using CGH in combination with p53 sequence analysis and IHC. These authors found a close genetic relationship between all tumors and the surrounding uninvolved urothelium, supporting the concept of intraurothelial migration of the tumor cell clone. The widespread distribution of cells with genetic alterations in the urothelial field might be dependent on the p53 mutation of the tumor. This possibility needs to be studied by investigation of cystectomies with other than mutant p53 as target gene alterations. Hafner et al (2001) found evidence for oligoclonality and tumor spread by intraluminal seeding in carcinomas of the upper and lower urinary tract by LOH analysis. All of their patients had at least one tumor in the upper and in the lower urinary tract, and the identical p53 mutations found can only be explained by a seeding mechanism. The frequent occurrence of p53-positive cells located at the luminal surface of normal or dysplastic urothelium detected in this study (Fig. 3 , C to E) could be due to seeding of tumor cells and then by an intraurothelial outgrowth of the malignant clone.
In summary, we have demonstrated p53-mutant cells in normal or preneoplastic urothelial areas in patients with invasive bladder cancer, indicating extensive intraurothelial tumor cell spread. PASA for tracking specific p53 mutant clones is a very sensitive method for tumor cell detection. The excellent correlation of immunohistochemically positive urothelial patches and detection of a patient-specific p53 mutation supports the biologic significance of p53-positive cells in the urothelium of tumor patients and supports the hypothesis of a clonal dissemination of a primary bladder carcinoma. PASA analysis could provide a very sensitive tool for detecting tumor recurrence in the urine of urothelial cancer patients. 
Materials and Methods
Tissue Samples
Fourteen cystectomy specimens from bladder cancer patients (seven men, seven women, mean age 65.8 Ϯ 4.6 years) were obtained directly from the operating room (Department of Urology, St. Josef Hospital, Regensburg, Germany). All patients gave informed consent for the study. The specimens were opened with a Y incision by a pathologist. Tissue samples (size, approximately 1 cm 2 ) were systematically dissected covering the entire urothelial lining. Samples were bisected and one half was snap frozen. The other half was formalinfixed for 24 hours and embedded in paraffin. The histopathologic diagnosis of the urothelial samples was rendered from both paraffin-embedded material and frozen tissue biopsies, and included staging (International Union Against Cancer, Geneva, Switzerland) (Sobin and Wittekind, 1997) and grading (World Health Organization, WHO) (Mostofi et al, 1999) . Histologic mapping and genetic analysis were performed on corresponding lesions. All flat urothelial lesions were classified according to the new WHO classification of bladder tumors (Mostofi et al, 1999) .
DNA Isolation
Sections (5 m) from frozen tissue samples were stained with methylene blue for approximately 15 seconds. Urothelial cells were collected using laser microdissection (PALM) (Schutze and Lahr, 1998 ) to obtain a purity of at least 90%. Isolation of the DNA was performed as described previously (Hafner et al, 2001; Hartmann et al, 2000) .
Mutation Analysis of the p53 Gene
Exons 5 to 9 of the p53 gene, containing more than 90% of all mutations found in malignancies (Hartmann et al, 1995; Levine, 1997) , were analyzed using direct genomic sequencing. Analyses were performed using PCR primers and PCR conditions as described previously (Hafner et al, 2001 ). All mutations were verified by sequencing a second, independently generated PCR amplicon.
PASA
One microliter (approximately 100 ng) of the urothelial DNA was used for PCR amplifications. PASA primers and PCR conditions are shown in Table 1 . All PCR reactions were run at a final volume of 25 l (0.2 mmol/l dNTP; 0.3 mol/l primers; 1.5 mmol/l MgCl 2 ; 0.5 U Taq polymerase (Roche Diagnostics, Penzberg, Germany) in a PTC100 thermocycler (MJ Research, Watertown, Maryland) . DNA from urothelial cell lines without p53 mutations served as negative controls and wild-type allele PCR was performed for each sample to ensure DNA quality. The specificity of each PASA reaction was tested independently three times. In case of insufficient amounts of DNA isolated from only a very small number of cells, a nested PASA was performed. The exon containing the mutation was amplified and used as a template for PASA. PCR products were separated through 1.5% agarose gels and visualized under ultraviolet light by using 0.05% ethidiumbromide.
Immunohistochemical Staining
An avidin-biotin peroxidase method with diaminobenzidine (DAB) was used on formalin-fixed, paraffinembedded material after incubation and microwave antigen retrieval. Frozen sections (5 m) were airdried, fixed in acetone, and IHC was performed in a NEXES Immuno Stainer (Ventana, Tucson, Arizona) following the manufacturer's instructions. The p53 antibody (sc-263, mouse monoclonal, recognizes both wild-type and mutant p53; Santa Cruz Biotechnology, Santa Cruz, California) was diluted 1:1000. Sections were counterstained with hematoxylin and embedded in Entellan mounting medium (EMS Diatome, Fort Washington, Pennsylvania). IHC analysis was performed by a researcher without knowledge of histopathologic or molecular data. P53 positivity in the primary tumor was defined as strong nuclear staining in at least 10% of the cells. A minimum of 1% of cells with strong nuclear staining was considered positive in all other urothelial samples.
